Abstract
Introduction
Today the awareness of the availability of solar energy is necessary for optimal utilization of the resources. Since this energy can be converted into useful energy through use of solar technologies. The case of photovoltaic or thermal systems the purpose is the generation of electricity. The photovoltaic technology has increased considerably year by year. In 2015 the capacity installed was at least 48,1 GW, as compared to 40 GW in 2014 [3] . The total photovoltaic capacity installed at the end of 2015 globally amounted to 227,1 GW [3] . The 24 International European Agency (IEA) photovoltaic power systems (PVPS) countries represented 197 GW of cumulative PV installations, the majority of these are grid connected. On the other hand, the non IEA PVPS countries represented 30 GW. However, countries with less than GW installed PV system were not included in the global installed capacity. Furthermore, some countries with more than a GW but whose total is difficult to quantify with accuracy were also excluded [3] .
Colombia being close to the line of equator, it has regional geographic differences, which defines a number of factors that are specific to the characteristics of incidence of solar radiation. These vary depending on the area or geographical location (mountain or flat). The other factors include; distance from the sea, the average rainfall and conditions of the ground, which leads to a difference for radiation in each region of Colombia.
In the Caribbean region radiation and sunshine have a direct relationship with the values of precipitation (IDEAM) [1] ; the lower radiation coincides with the period with more rain and less rain period with higher radiation. At the time when there is less rainfall, solar radiation level is high and represents an average temperature between 38 ° C and 40 ° C.
In the year 2015, The Institute of Hydrology, Meteorology and Environment Studies (IDEAM) for Colombia published the third map of solar radiation; this represents an aggregate of maps showing the spatial distribution of solar energy potential in Colombia. These maps show the average global solar radiation per day, average daily sunshine hours and solar ultraviolet radiation on flat surface.
However, despite of the Caribbean region having the highest annual solar radiation in range of 4-5 kWh/m 2 -day as shown in figure 1 with La Guajira having the greatest solar potential compared with the other regions.
However, solar energy for electricity generation has not been exploited due to among the reasons few studies on the potential of photovoltaic systems for energy generation. Therefore, the aim of this paper is to study and assess the potential of the photovoltaic systems for energy generation in Caribbean region. Based on this information, it will be possible to quantify the solar energy potential for electricity generation for the Caribbean region. Furthermore, in the case of remote areas, for the national transport networks and energy distribution, this information is significant since it can be used in various projects. In addition, this information can be further be used in various requirement like communication, water pump systems, lighting, signing, heating, air conditioner and use in agriculture. At the same time, the information can also help to identify strategic regions, which are more appropriate for solar energy utilization and development to provide solutions necessary for the population. However, in month of January of 2015 the national interconnected system showed a decrease of the installed capacity due to the withdrawal of 46MW (Jet A1) from the system [2] . Table 2 shows the installed electric power capacity clustered by regions in terms of the technologies. Table  2 shows that the departments of Atlántico, Bolivar, Córdoba and La Guajira are the highest focal point of power production in the region [2] . 
Material and methods
In Colombia the energy generation by PV systems are only used for household energy consumption (i.e. small household systems-SHS) and off-grid systems (mini grid) in remote areas where grid connection is not possible. Non-connected zones account for 52% of the country's area and diesel generators are commonly used to produce energy [4] . The use of diesel generators contribute to greenhouse gas emission and pollution of the environment [4] .
In order to assess the energy generation potential of PV systems in Caribbean region of Colombia the following indicators has been used based on previous studies undertaken in other parts of the world [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] ; performance ratio, capacity factor, final yield, suitable area, Theoretical, Geographical and technical energy potential. The data used in the study has been obtained from NASA Surface Meteorology and Solar Energy.
Estimation of PV Electricity Generation Potential

Energy Potential
Theoretical solar energy potential is defined by the radiation energy that reaches a specified area (e.g. 1 Km 2 ) within a defined time period (e.g. 1 year). [5] . The theoretical solar energy potential has been determined using the expression (1) [5] : (1) Where is the available theoretical potential of annual solar energy (MJ/m 2 -year), I is the global average solar radiation per day (MJ/m 2 -day), A is the land area available (m 2 ) and 365 is the number of days in a year.
There are two types of grid connected PV system applications: 1) Centralized grid connected (CGC) PV system; perform the functions of centralized stations and generally are systems mounted on the ground and larger than 1MW [6] .
2) Decentralized grid connected (DCGC) PV system; normally installed at roof-tops on the buildings or houses or close to houses but small in size [7, 8] .
The geographical potential can be defined as the theoretical potential limited by suitable area for PV electricity energy generation and development. The geographical solar energy potential has been determined using the expression (2) [5]:
Where GP is the geographical potential of solar energy annual available (MJ/m 2 -year), I is the global average solar radiation per day (MJ/m 2 -day), is the area considered accessible and suitable (m 2 ) for PV system development and 365 is the number of days in a year. The suitable area for land use are as shown in the table 3 [9, 10] . The suitable area for CGC FV systems has been estimated as 66144km 2 which is 3,11% of the total surface area of Colombia. Technical potential is defined as the part of the theoretical potential available by considering the fundamental restriction for the area utilization such as national parks, agriculture areas, forests, surface water bodies, and many other restricted or protected areas [5] . The technical potential of annual PV electricity generation has been determined using the expression
Where is the module's conversion efficiency and PR is the PV system's performance ratio. The module's conversion efficiency depends on the type of solar cell and module temperature [5] .
Performance ratio (PR)
The performance ratio, in some cases called "Quality factor" takes account total system losses such as inverter losses, cable losses, and thermal losses. It is appropriate to know the performance ratio from beginning up to end of the operation of the system, with the purpose of pinpoint causes of yield losses [11, 12] . The performance ratio has been estimated using the expression (4), [11, 12] :
The performance ratio can also be defined as the ratio between actual yield (i.e. annual production of electricity delivered at AC) and the target yield given by the expression (5), [13, 14, 15] : (5) 1 The data mentioned were approximate values but this does not ensure that the values correspond to actual data.
Capacity factor
The capacity factor can be defined as the ratio between average annual energy output and rated power of the considered module. For PV systems, the capacity factor is given by the expression (6) [16] : (6) 
Cell temperature
The cell temperature can be defined as incoming irradiance and the others parameters, the maximum ambient temperature, I is the in-plane irradiance and is the technology dependent nominal operating cell temperature, is the ambient reference temperature (20C) and the cell temperature at irradiance and the value is 1000 W/m 2 [17, 18] . (7) 
Module efficiency
The module efficiency can be estimated as the reference of PV panel efficiency , the reference temperature ,(25C), temperature coefficient of maximum power of the solar cells and cell/module temperature [19] . (8) 
Results and Discussion
In the study the potential of PV systems for energy generation in Caribbean region of Colombia has been carried out using analytical approach. The input technical data used for the assessment are summarized in table 4. Monitoring the solar radiation, temperature, and sunshine hours of the study area is very important, since these parameters have influence on the energy generation potential of the PV systems. The average monthly radiation on a horizontal plane to the Caribbean region is shown in Figure 4 . The Caribbean region of Colombia has a substantial amount of solar radiation, with the annual average of daily solar radiation of 5.35kWh/m 2 -day. The region has the maximum monthly average solar radiation in the month 2 This refers to the temperatures and other losses generated on the photovoltaic panel of March at 5.81kWh/m 2 -day and the lowest in the month of November at 4.83kW/m 2 -day. In short the monthly average solar radiation in Caribbean region varies between 4.83kWh/m 2 -day and 5.81kWh/m 2 -day. The region receives the total annual solar radiation of 1952.75kWh/m-year with total yearly peak sunshine hours of about 2190 hours, which is suitable for energy generation using PV systems. Thus, with these higher solar radiations being received in the region, makes it more suitable place for power generation from solar energy source. Furthermore, the average annual peak sunshine hour in the Caribbean region of Colombia is 6 hours per day and the maximum average air temperature is 34C. [20] .
The analyzed results show that, the efficiency of the multi-crystalline silicon module at maximum average air temperature is 11,96%, which correspond to a drop in the module efficiency by 1.84%. In other words, the performance of the PV system in this region is expected to drop due to high temperature. This drop in the module efficiency is as the result of higher temperatures. This drop in the module efficiency translates to loss of approximately 2000TWh of energy per year in the PV system.
The Caribbean region has a total surface area of approximately 132,288km 2 and receives annual average of daily solar radiation of 5.35kWh/m 2 -day. Thus, considering the surface area and the average annual solar radiation and using equation 1, the theoretically solar energy potential for Caribbean region is found to be 258,3325TWh/year. Thus, the region receives about 258,332TWh/year of solar energy. Taking into consideration the restricted areas and land areas not suitable for PV system installation. The region have a total of about 66,144km 2 suitable area for PV systems installation. Using equation 2, the geographical solar energy potential for the region has been estimated at approximately 129,160TWh/year.
The multi-crystalline silicon with the following specification; nominal output power Pmax of 200Wp, voltage at Pmax of 26.4V, Current at Pmax of 7.6A, module efficiency of 13.8% and surface area of 1.45m2 was used to evaluate the technical solar energy potential of the Caribbean region. The capacity factor for a multi-crystalline silicon module under the Caribbean region weather condition is found to be 17.75% and due to temperature effect, the efficiency of the module is found to reduce to 11.96%. Furthermore, the multi-crystalline silicon module is found to have 79.63% performance ratio and the 1554.47kWh/kWp yearly final yield. The total amount of solar energy technical potential for Caribbean region is about 12,301TWh/year. [21] . Table 5 below summarizes the results of the study corresponding to solar energy potential in terms of theoretical, geographical and technical potential, and performance indices for the PV system that is performance ratio, capacity factor and the efficiency of the module. 
Conclusion
The paper has presented the energy generation potential of PV systems in Caribbean region. The region has considerable energy potential and would contribute to power generation that can be used to replace the fossil fuel power plants. As it can be noticed from table 2, more than 50% of energy generation in the region is from the fossil power plants. The use of solar energy technologies would reduce the environmental, social and cultural impacts that result from the use of fossil fuel for energy generation.
In this paper, the energy output, capacity factor and performance ratio of the photovoltaic systems in the Caribbean region in Colombia has been evaluated using monthly average daily global solar irradiation data available at NASA Surface Meteorology and Solar Energy. Multi-crystalline silicon photovoltaic module had been considered in this study to estimate the solar energy generation potential for Caribbean region. The analyzed results of the study indicates that the multicrystalline silicon module have performance ratio of 79.63% and capacity factor of 17.75% under weather condition of Caribbean region. Therefore, the study concludes that 1554.47kWh electricity can be generated annually from a 1kW P CGC PV system in Caribbean region of Colombia at a performance ratio of 79.63%. Thus, with ever increasing fossil fuel price, air pollution due to use of fossil fuels and droughts affecting the hydropower system in Colombia, Solar energy generation of PV systems offers the best alternative solution for the Caribbean region and Colombia. 
